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Geminiviruses have unique, twinned icosahedral particles which encapsidate circular single-stranded DNA. Their genomes
are composed of either one or two DNA segments. Monopartite geminiviruses absolutely require a functional coat protein
(CP) for infectivity, whereas bipartite geminivirus CP null mutants can infect plants systemically. However, we show here
that a CP mutant of the bipartite tomato golden mosaic virus (TGMV), which can infect Nicotiana benthamiana systemically,
is confined to the inoculated leaves of Nicotiana tabacum or Datura stramonium. We also show that a CP mutant of the
related bean golden mosaic virus (BGMV), which can infect beans systemically, is confined to the inoculated leaves of N.
benthamiana. In each case, the extent of viral DNA accumulation in inoculated leaves was unaffected by the absence of
CP, which suggests that CP is required specifically for systemic movement. The dispensability of CP is correlated with the
degree of virus–host adaptation. TGMV is well adapted to N. benthamiana and does not require CP to infect this host
systemically, whereas BGMV is poorly adapted to N. benthamiana and requires CP. Analysis of TGMV–BGMV hybrid viruses
revealed that the viral genetic background can also affect the dispensability of CP for systemic movement in N. benthamiana.
Thus, bipartite geminivirus movement in planta can be resolved genetically into three components: (i) local, cell-to-cell
movement, which does not require CP; (ii) CP-dependent systemic movement, which occurs in all hosts tested; and (iii) CP-
independent systemic movement, which occurs in hosts to which a given virus is well adapted. q 1996 Academic Press, Inc.
Geminiviruses are plant-infecting viruses with unique, designated A and B. The coat protein is the product of
twinned icosahedral particles which contain circular, sin- the AR1 gene (14, 15). Other genes on the A component
gle-stranded (ss) viral DNA. They can be divided into encode products involved in DNA replication (16–18) and
at least three subgroups, based on properties such as the control of viral gene expression (19). The B compo-
monocot or dicot plant host range, insect vector, and nent encodes two proteins, BL1 and BR1, which are each
number of genome segments ((1), reviewed in (2, 3)). required for systemic viral movement in infected plants
All geminiviruses encode a single coat protein subunit. (11, 20). Although ar1 mutants of bipartite geminiviruses
Mutagenesis studies have established that for the three are viable, analysis of squash leaf curl virus (SqLCV) has
types of monopartite geminivirus currently recognized, shown that, under some conditions, the coat protein can
the coat protein is essential for systemic viral movement nevertheless be required for systemic infectivity. Certain
in infected plants (4 – 6). In contrast, bipartite geminivirus BL1 or BR1 missense mutants were found to infect pump-
coat protein gene mutants are systemically infectious, kins systemically when co-inoculated with wild-type DNA
although typically the infections are attenuated. These A, but not when co-inoculated with a null ar1 mutant (9).
results were obtained whether viruses were assayed in Thus, the dispensability of the SqLCV coat protein for
the host plant from which they were originally isolated systemic infectivity is dependent on the viral genetic
(7–9), or in the experimental host Nicotiana benthamiana background.
(8–12). Some evidence has been presented to suggest Tomato golden mosaic virus (TGMV), which infects a
that the coat proteins of both monopartite and bipartite range of predominantly solanaceous plants, is one of the
geminiviruses have an essential role in virus acquisition best characterized bipartite geminiviruses. It was pre-
and/or transmission by insect vectors (7, 13). viously shown that several ar1 mutants of TGMV were
The genome segments of bipartite geminiviruses are able to infect N. benthamiana systemically (11, 12). How-
ever, TGMV is well adapted to N. benthamiana, and we
wished to determine whether the same ar1 mutant phe-
1 Present address: Soybean and Alfalfa Research Laboratory, USDA- notype would be found in other host species. DeletionARS, Beltsville, MD 20705.
alleles of the TGMV AR1 gene are associated with se-2 To whom correspondence and reprint requests should be ad-
dressed. verely attenuated infection phenotypes, which may result
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from the physically smaller size of the mutant DNA A
relative to wild type (12). Accordingly, for our host range
screening we used a frameshift mutant allele, ar1-fsX,
which was constructed by filling-in the XhoI site within
the AR1 gene. Plasmids which contain partial tandem
dimers of wild-type TGMV DNA A (pTG1.3A) or DNA B
(pTG1.4B) have been described previously (21, 22). A
plasmid, pTG1.3ARfsX, containing a partial tandem dimer
of TGMV DNA A with the ar1-fsX mutation was con-
structed by filling in the unique XhoI site of pTG1.3A. The
ar1-fsX allele corresponds to the CP-2 mutant described
by Gardiner et al. (12). Plants were inoculated by micro-
projectile bombardment (23) with plasmids containing
either wild-type TGMV A or the ar1-fsX mutant, together
with pTG1.4B.
We inoculated the TGMV ar1-fsX mutant and wild-type
controls into N. benthamiana, Nicotiana tabacum variety
Petite Havana SR1, and Datura stramonium. These plants
represent good, intermediate, and poor hosts of TGMV,
respectively, defined by the severity of induced disease
FIG. 1. Host-specific systemic movement by TGMV and BGMV coat
symptoms (virulence) and the extent of viral DNA accu- protein mutants. Plants were inoculated with plasmids containing either
mulation. Both the ar1-fsX mutant and wild-type TGMV the wild-type A component (AR1) or the coat protein gene (ar1) mutants
of TGMV or BGMV, together with a plasmid containing the appropriateelicited the formation of large chlorotic lesions on the
wild-type B component in each case. Hosts used for TGMV were Nicoti-inoculated leaves of all hosts tested. As described pre-
ana tabacum var. Petite Havana SR1 (N.t.) and Datura stramoniumviously (12), the TGMV ar1-fsX mutant was able to infect
(D.s.). The host used for BGMV was N. benthamiana (N.b.). Total nucleic
N. benthamiana systemically. It elicited systemic symp- acids were prepared (23) from inoculated (inoc.) or systemically in-
toms that were milder than those of wild-type TGMV, and fected (sys.) leaves, or their equivalent, at 17, 22, and 14 days after
inoculation of N.t., D.s., and N.b., respectively. Aliquots of nucleic acidsmutant DNA accumulation in systemically infected leaves
(10 mg) were treated with RNase and resolved by agarose gel electro-was also reduced. We were unable to detect any full-
phoresis and Southern blotting (23). Samples from representative, indi-length or truncated TGMV coat protein in extracts from
vidual plants are shown in each case. The blots were hybridized to 32P-
ar1-fsX mutant-infected N. benthamiana by Western blot- labeled probes specific for TGMV A (895-bp BamHI–EcoRI fragment) or
ting (24) with a polyclonal antiserum raised against BGMV A (182-bp NcoI–SalI fragment), as appropriate. The positions of
viral open–circular (oc) and supercoiled (sc) dsDNA and ssDNA (ss)TGMV particles (17) (data not shown). Thus, ar1-fsX prob-
are indicated to the left. The ar1 mutants did not accumulate detectableably represents a null allele. In N. tabacum, the symp-
ssDNA (17). The signal intensities for different virus–host combinationstoms elicited by the ar1-fsX mutant were confined to chlo-
cannot be compared directly because the exposure times and/or probe-
rotic lesions on the inoculated leaves, whereas wild-type specific activities differ.
TGMV also caused vein yellowing on both inoculated
and uninoculated leaves. In addition, systemic infection
by wild-type TGMV was associated with mild distortion similar sizes of the chlorotic lesions induced on inocu-
lated leaves by wild-type and ar1-fsX mutant TGMV, andof the leaves and slight stunting of the plant. Wild-type
TGMV DNA was detected by Southern hybridization in the similar extent of viral DNA accumulation in this symp-
tomatic tissue, suggest that cell-to-cell movement of theextracts from all symptomatic tissues of N. tabacum. In
contrast, the ar1-fsX mutant was detected only in inocu- ar1-fsX mutant is relatively unimpaired in both N. taba-
cum and D. stramonium. Rather, the inability of the ar1-lated leaf tissue which had chlorotic lesions. Mutant viral
DNA was not detected in tissue samples from asymptom- fsX mutant to spread away from the lesions on inoculated
leaves, or to cause vein yellowing in N. tabacum, sug-atic regions of the inoculated leaves (data not shown),
nor was it detected in uninoculated leaves (Fig. 1). In D. gests that vascular systemic movement of the mutant
virus is specifically blocked in the restrictive hosts.stramonium, the only signs of infection by either wild-type
or mutant TGMV were chlorotic lesions on the inoculated Having demonstrated that systemic infectivity of TGMV
exhibited a host-specific dependence on coat protein,leaves. However, Southern hybridization analysis re-
vealed that wild-type TGMV caused an asymptomatic we next wished to determine whether this observation
would generalize to another bipartite geminivirus. Beansystemic infection of D. stramonium, whereas the ar1-
fsX mutant was confined to the inoculated leaves (Fig. golden mosaic virus (BGMV) is closely related to TGMV,
and it has been shown previously that BGMV ar1 mutants1). Thus, systemic infection by a TGMV ar1 mutant is a
host-specific phenotype which is manifested in N. ben- can infect beans systemically (7). Plasmids which contain
partial tandem dimers of wild-type BGMV DNA Athamiana, but not in N. tabacum or D. stramonium. The
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(pGA1.2A) or DNA B (pGA1.2B) have also been described ity of DNA B-encoded proteins might make the coat pro-
tein essential for TGMV infectivity in a host to which it ispreviously (21, 22). We constructed a frameshift mutant
allele of the BGMV AR1 gene, ar1-fsN, by sequential T4 well adapted, in this case N. benthamiana. By analyzing
viruses with hybrid DNA B components, in which theDNA polymerase treatment of the two NsiI sites in
pGA1.2A. The resulting plasmid, pGA1.2ARfsN, which open reading frames (ORFs) had been exchanged to cre-
ate transcriptional fusions, Schaffer et al. (23) found thatcontains a partial tandem dimer of the ar1-fsN mutant
DNA A, was inoculated by microprojectile bombardment BGMV BL1 and BR1 function less well in N. benthamiana
than their TGMV homologues. Viable TGMV-based DNAinto bean radicles (23) together with pGA1.2B. Like the
BGMV ar1 mutants described previously (7), ar1-fsN was B hybrids with either BGMV BL1 (TB-L), or both BGMV
ORFs (TB-LR), have reduced virulence and lower levelsable to infect the bean variety Top Crop systemically and
induced slightly milder disease symptoms than wild-type of viral DNA accumulation in infected N. benthamiana
compared to wild-type TGMV (23). To investigate the con-BGMV. We were unable to detect full-length or truncated
BGMV coat protein in extracts from ar1-fsN mutant-in- tribution of coat protein to the infectivity of these TGMV-
based hybrids, N. benthamiana plants were inoculatedfected bean plants by Western blotting (24) with a TGMV
polyclonal antiserum (17) which cross-reacted efficiently with plasmids containing partial tandem dimers of TB-L
or TB-LR (pTBL3 and pTBLR2, respectively (23)), and ei-with wild-type BGMV coat protein (data not shown). Thus,
ar1-fsN probably represents a null allele. In addition to ther wild-type or ar1-fsX mutant TGMV DNA A. Both TB-
L and TB-LR elicited chlorotic lesions on inoculated N.its leguminous hosts, BGMV can infect N. benthamiana
systemically, although it is not well adapted to this plant benthamiana leaves, either in the presence or in the
absence of coat protein. Uninoculated leaves of plantsspecies (25). As described previously for wild-type BGMV
(25), the ar1-fsN mutant failed to induce symptoms on infected with TB-LR and ar1-fsX were asymptomatic,
whereas plants infected with TB-L and the ar1-fsX mutantinoculated N. benthamiana plants. However, in contrast
to wild-type BGMV, ar1-fsN mutant viral DNA was de- exhibited systemic vein yellowing symptoms, although
these were milder than those elicited by TB-L when co-tected only in inoculated leaves (Fig. 1). Thus, like TGMV,
BGMV exhibits a host-specific dependence on coat pro- inoculated with wild-type DNA A (23). As was the case
for wild-type TGMV DNA B, efficient accumulation of viraltein for the systemic spread of infection, and for a BGMV
ar1 mutant, N. benthamiana is a restrictive host. DNA occurred in the absence of coat protein in both
inoculated and uninoculated leaves of plants infectedTaken together with other data in the literature, these
results suggest that the host plant alone does not deter- with TB-L (Fig. 2). In contrast, coat protein was necessary
for efficient viral DNA accumulation in uninoculatedmine whether systemic geminiviral infection will take
place in the absence of coat protein. Instead, it appears leaves of plants infected with TB-LR, although in inocu-
lated leaves, DNA accumulated to similar levels in thethat the nature of the virus–host interaction is important.
In hosts to which a given bipartite geminivirus is well presence or absence of coat protein (Fig. 2). These re-
sults suggest that systemic movement of TGMV in N.adapted, such as BGMV in bean (7), Indian tomato leaf
curl virus in tomato (8), SqLCV in pumpkin (9), or TGMV benthamiana specifically requires the coat protein if the
viral genome contains both DNA B ORFs from BGMV.in N. benthamiana (11, 12), the coat protein is not essen-
tial for systemic movement. However, in hosts to which Thus, the ability of TGMV coat protein mutants to move
systemically is determined by viral as well as host fac-the virus is less well adapted, such as TGMV in N. taba-
cum or D. stramonium, or BGMV in N. benthamiana, a tors.
After long exposure of Southern blots, a small amountfunctional coat protein is necessary for systemic virus
movement to occur. It is particularly significant that a of ar1-fsX DNA was detected in the upper leaves of N.
benthamiana plants which had been co-inoculated withBGMV coat protein mutant is unable to infect N. ben-
thamiana systemically, because several authors have the DNA B hybrid TB-LR (data not shown). This indicates
that systemic movement of TGMV was not completelysuggested that this host is unusually permissive for virus
infection (e.g., (26)). blocked, although the phenotype qualitatively resembles
that described for SqLCV mutants (9). The TGMV-basedIf the degree of virus –host adaptation indeed deter-
mines whether a bipartite geminivirus requires its coat DNA B hybrids TB-L and TB-LR both have the BGMV BL1
ORF. They differ in the source of BR1, which is fromprotein for systemic movement, viral as well as host fac-
tors would be expected to contribute to the phenotype. TGMV in TB-L and from BGMV in TB-LR. Thus, a host-
or virus-specific adaptation of BR1 may determine theThis is consistent with the observation that some mis-
sense mutations in the DNA B genes can eliminate the ability of TGMV coat protein mutants to move systemi-
cally in N. benthamiana. Unfortunately, we were unablesystemic infectivity of SqLCV ar1 mutants in pumpkin,
although the individual contributions of local and sys- to test this hypothesis directly, because hybrid viruses
with the combination of TGMV BL1 and BGMV BR1 ORFstemic viral movement to infectivity were not resolved in
this study (9). We reasoned that if these observations are not viable (23). Instead, we evaluated the effect of
TGMV BR1 on the ability of BGMV-based DNA B hybridswere generally applicable, reducing the functional activ-
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inoculated with BT-LR, but not in plants co-inoculated
with BT-R or wild-type BGMV DNA B (data not shown).
Taken together, these results are not compatible with a
simple model in which TGMV BR1 alone is sufficient to
allow efficient coat protein independent systemic move-
ment in N. benthamiana. Viral factors in addition to BR1
must contribute to the phenotype, but further experimen-
tation will be required to assess their relative importance
and to elucidate the underlying mechanisms.
In conclusion, we have shown that systemic infection
by bipartite geminivirus coat protein gene mutants can
be restricted by both the plant host and the viral genetic
background. Under restrictive conditions, ar1 mutants
produce local infections of the inoculated leaves, so as
is the case for many other types of plant viruses (26), the
coat protein apparently participates specifically in the
systemic movement of bipartite geminivirus infection. Lo-
cal, cell-to-cell movement involves the BL1 and BR1 pro-
teins (23), but not the coat protein. The contribution of
the coat protein to systemic movement of bipartite gemi-
FIG. 2. Influence of DNA B genes on coat protein independent sys- niviruses could be due to enhancement of a BL1- and/
temic movement in Nicotiana benthamiana. Plants were inoculated with or BR1-dependent systemic movement process (9). Alter-
plasmids containing either the wild-type A component (AR1) or the coat
natively, it could reflect a more direct role for the coatprotein gene (ar1) mutants of TGMV or BGMV. In place of wild-type
protein in systemic movement, perhaps in the form ofDNA B, the inocula included plasmids containing either TGMV-based
hybrid B components TB-L and TB-LR or BGMV-based hybrids BT-R virus particles. This might ensure the availability of viri-
and BT-LR. At 14 days postinoculation, total nucleic acids were pre- ons in the phloem for acquisition by insect vectors, and
pared from inoculated (inoc.) and systemically infected (sys.) leaves, it would also be consistent with the coat protein require-
or their equivalent, and 10-mg aliquots were treated with RNase and
ment for the systemic movement of related, monopartiteresolved by agarose gel electrophoresis and Southern blotting (23).
geminiviruses (4–6).Samples from representative, individual plants are shown in each case.
The blots were probed with 32P-labeled restriction fragments specific In hosts to which a given bipartite geminivirus is well
for either the TGMV (TA) or the BGMV (BA) A components. The positions adapted, coat protein independent systemic movement
of viral open– circular (oc) and supercoiled (sc) dsDNA and ssDNA (ss) can occur. The characteristic attenuation of ar1 mutant
are indicated to the left. The signal intensities cannot be compared
infections suggests that coat protein independent sys-directly between the panels because the probe specific activities and
temic movement is typically less efficient than the coatexposure times differ.
protein mediated systemic movement of a wild-type virus.
The phenotypes of the TGMV-based DNA B hybrids re-
ported here, and those of SqLCV mutants described pre-to move systemically in beans or N. benthamiana when
co-inoculated with the BGMV ar1-fsN mutant. Viable viously (9), are consistent with a role for the BR1 and/
or BL1 proteins in coat protein independent systemicBGMV-based DNA B hybrids which contain either TGMV
BR1 (BT-R), or both TGMV ORFs (BT-LR), in place of the movement. However, the phenotype of the TB-LR hybrid,
in comparison with that of TB-L, shows that efficient cell-homologous BGMV ORFs, have been described pre-
viously (23). Plants were inoculated with plasmids con- to-cell movement is not necessarily correlated with the
ability to move systemically in the absence of coat pro-taining partial tandem dimers of BT-R or BT-LR (pGTR
and pGTLR2, respectively (23)), and either ar1-fsN or tein. Thus, if the DNA B-encoded proteins are directly
involved in mediating coat protein independent systemicwild-type BGMV DNA A. In both beans and N. benthami-
ana the DNA B hybrids behaved similarly to wild-type movement, they might have roles which differ mechanis-
tically from those they play in cell-to-cell movement. OurBGMV DNA B with respect to their requirement for coat
protein. In beans, both BT-R and BT-LR were systemically observations indicate that coat protein independent sys-
temic movement is more sensitive than cell-to-cell move-infectious when co-inoculated with the ar1-fsN mutant
(data not shown). In N. benthamiana, both hybrid B com- ment with respect to a reduction in the functional activity,
or host-adaptation, of the DNA B-encoded proteins. How-ponents allowed efficient viral DNA accumulation in inoc-
ulated and uninoculated leaves when co-inoculated with ever, host-adapted BL1 and BR1 proteins alone are not
necessarily sufficient for efficient coat protein indepen-wild-type DNA A, but only in inoculated leaves when co-
inoculated with ar1-fsN (Fig. 2). After long exposure of dent systemic movement, as in the case of the BGMV-
based BT-LR hybrid in N. benthamiana. This result sug-Southern blots, a small amount of ar1-fsN DNA was de-
tected in the upper leaves of N. benthamiana plants co- gests that the extent or timing of viral gene expression, or
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